Controlling the polarization state of electromagnetic radiation enables the investigation of fundamental symmetry properties of matter through chiroptical processes. Over the past decades, many strategies have been developed to reveal structural or dynamical information about chiral molecules with high sensitivity, from the microwave to the extreme ultraviolet range. Most schemes employ circularly or elliptically polarized radiation, and more sophisticated configurations involve, for instance, light pulses with time-varying polarization states. All these schemes share a common propertythe polarization state of light is always considered as constant over one optical cycle. In this study, we zoom into the optical cycle in order to resolve and control a subcyle chiroptical process. We engineer an electric field whose instantaneous chirality can be controlled within the optical cycle, by combining two phase-locked orthogonally polarized fundamental and second harmonic fields. While the composite field has zero net ellipticity, it shows an instantaneous optical chirality which can be controlled via the two-color delay. We theoretically and experimentally investigate the photoionization of chiral molecules with this controlled chiral field. We find that electrons are preferentially ejected forward or backward relative to the laser propagation direction depending on the molecular handedness, similarly to the well-established photoelectron circular dichroism process. However, since the instantaneous chirality switches sign from one half cycle to the next, electrons ionized from two consecutive half cycles of the laser show opposite forward/backward asymmetries. This chiral signal, termed here as ESCARGOT (Enantiosensitive Sub-Cycle Antisymmetric Response Gated by electric-field rOTation), provides a unique insight into the influence of instantaneous chirality in the dynamical photoionization process. More generally, our results demonstrate the important role of sub-cycle polarization shaping of electric fields, as a new route to study and manipulate chiroptical processes.
I. INTRODUCTION
Since its discovery by Biot in the XIX th century, circularly polarized light (CPL) has served as the tool of choice to reveal and investigate the properties of chiral molecules [1] . The polarization state of light is quantified by the degree of ellipticity -the aspect ratio of the polarization ellipse, described by the electric field over one optical period. As such, the ellipticity is a cycleaveraged quantity. Recent progress in attosecond spectroscopy enables physicists to observe effects taking place within an optical cycle and sample its oscillation with attosecond precision [2, 3] . Clever designs have been developed, demonstrating the ability to record the complete temporal evolution of complex vectorial fields, whose polarization state varies on extremely short timescales [4, 5] . Shaping the sub-cycle polarization state of light offers an elegant way to measure and control strong field processes and to resolve structural and temporal properties of electronic wavefunctions in atoms and molecules [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The interaction of light whose ellipticity varies along an optical cycle, with chiral matter, raises fundamental questions. Is the variation of the direction of the electric field over a few hundreds of attoseconds sufficient to induce dichroism effects? Can sub-cycle vectorial fields be used to resolve attosecond-scale chiroptical processes? Answering these questions raises three fundamental challenges. First, we should find a proper mathematical description of the instantaneous chirality of light. Next, we have to establish a control scheme to manipulate this chirality. Finally, we must find a physical observable that is sensitive to manipulations of the sub-cycle chirality.
In order to describe the instantaneous chirality of an electromagnetic field within the optical cycle limit, we have to go beyond the cycle averaged definition of ellipticity. The instantaneous ellipticity (IE) is defined according to the sub-cycle evolution of two orthogonally polarized fields, dictated by their temporal dephasing within the optical cycle [18] . The IE reflects the temporal evolution of the ellipticity if the central frequency of an ultrashort pulse is much larger than its spectral bandwidth, as is typically the case in coherent control experiments [19] . However, this measure does not capture the instantaneous change in the rotation direction of the electromagnetic field, which is directly related to the chirality. A deeper insight into the chiral properties of light is described by a time-even pseudoscalar characterizing an electromagnetic field called "zilch", introduced by Lipkin in 1964 [20] and renamed optical chirality in the early 2000's by Tang and Cohen [21, 22] . This con-arXiv:1906.11325v1 [physics.optics] 26 Jun 2019 Figure 1 . Principle of the experiment: the shaped electric field is focused into a jet of randomly aligned enantiopure fenchone molecules, in the interaction zone of a VMI spectrometer. The VMI records the photoelectron momentum distribution, whose forward/backward antisymmetric component is shown in the figure. This component shows a clear up/down antisymmetry.
cept was mostly used in the spatial domain -spatially shaping light beams enables optical chiralities above 1 to be produced, resulting in enhanced circular dichroism signals [22] . In the temporal domain, the optical chirality was recently shown to describe the rotational velocity of the light electric field, and used to theoretically investigate chiral-light / achiral matter interaction [15] .
In this work, we manipulate the instantaneous optical chirality of a laser field by superimposing a fundamental component and its phase-locked orthogonally-polarized second harmonic. This field configuration was recently proposed theoretically as a way to produce asymmetric responses in the weak-field photoionization of chiral molecules [23] . Our work investigates both theoretically and experimentally these asymmetric responses in the multiphoton and strong field regimes. Due to symmetry, the ionizing field has a zero net chirality: it describes opposite rotations in two consecutive half cycles of the fundamental radiation. The time-integrated interaction of this field with a chiral molecule will thus not discriminate between two enantiomers. However, this field has nonzero instantaneous optical chirality, whose temporal evolution can be controlled by manipulating the two-color delay. In order to resolve the sub-cycle chiral nature of this scheme, we photoionize chiral molecules and detect the angular distribution of the ejected photoelectrons. Circularly polarized light is known to preferentially eject photoelectrons from chiral molecules in the forward or backward direction, depending on the light's and molecule's handedness. This mechanism leads to a very strong chiroptical effect, referred to as photoelectron circular dichroism (PECD) [24] [25] [26] [27] . As shown in Figure 1 , photoionization with our engineered composite field creates a significant forward/backward asymmetry in the collected photoelectrons distribution. Moreover the forward antisymetry in the upper hemisphere cor-responds to a backward antisymety in the lower hemisphere, revealing that electrons emitted from two consecutive half cycles of the composite field experience opposite light handedness. This forward-backward/up-down antisymetry varies drastically with the two-color delay, allowing for a control of the subcycle chiral interaction. We refer to this scheme as ESCARGOT (snail in French), standing for Enantiosensitive Sub-Cycle Antisymmetric Response Gated by electric-field rOTation. In this work we present theoretical and experimental data for both the multiphoton and strong field ionization regimes. Since the features shown in the multiphoton regime are very complex, we present a simple model explaining the origin of the signal in the strong field regime, and leave the more complex analysis of the multiphoton signal to a later stage. A qualitative classical analysis of the departing electron trajectories shows intuitively how the measured asymmetry patterns stem from the accumulation of the instantaneous field chirality over the first few hundreds of attoseconds the electron takes to leave the inner chiral molecular region. These results thus demonstrate the sensitivity of photoionization to the sub-cycle instantaneous chirality and, more generally, reveal the important role played by this physical quantity in chiral light-matter interaction.
II. CONTROLLING SUB-CYCLE OPTICAL CHIRALITY
To control the sub-cycle optical chirality, we use two phase-locked orthogonally polarized laser fields: the superposition of a fundamental field and its second harmonic. This superposition can produce a variety of shapes of the vectorial electric field, dictated by the delay between the two fields. The two-color field is described as:
where ω is the fundamental frequency, r is the ratio between field amplitudes, and ϕ is the relative phase between the two components. In our experiments and calculations we set the relative amplitudes to be r ≈ 0.3. We illustrate in Figure 2 (a) how changing the two-color phase ϕ influences the shape of the composite (ω,2ω)-field in the transverse (x, y)-plane. For instance, the field exhibits a 8-shape aligned along y for ϕ = π/2. Such a field can be intuitively understood as successive left and right elliptically polarized half-cycle components producing photoelectrons in the upper and lower hemispheres of the VMI detector, respectively. For ϕ = π, the field follows a C-shape which has no direct analogy with any common polarization pattern. The net ellipticity and the net chirality of the composite field are zero for all two-color phases. A deeper insight into the ϕ-dependent properties of the field can be obtained by looking into the subcycle variation of its vectorial properties. First we focus on the evolution of The instantaneous ellipticity and chirality are defined in the main text (eq. 2,3). The instantaneous chirality is normalized relative to the chirality of a left circularly polarized field. The normalization of the instantaneous ellipticity is implied in its definition. Note that in 2D representation of the 0 and π phases, we can only see the first half cycle of the laser field. The second half cycle is not visible since it traces exactly the same route as the first half, only in the reverse direction, which causes the chirality of the second half to be opposite to that of the first half, as seen in the 3D representations.
the instantaneous ellipticity within the optical cycle, defined as [4] :
where E x and E y are thex andŷ components of the total electric field E. This instantaneous ellipticity is displayed in Figure 2 (b) as a function of the two-color delay. It modulates with 2ω frequency, reflecting the dephasing of the orthogonally polarized second harmonic field with respect to the fundamental cycle. The instantaneous ellipticity shows the same temporal shape, simply shifted in time as the relative phase is scanned. This quantity is thus unable to describe the strong changes in the instantaneous behavior of the electric field as a function of ϕ. An alternative description of the vectorial properties of the field consists of its instantaneous chirality, defined as [15] :
where c 0 is the speed of light in vacuum, B x and B y are thex andŷ components of the magnetic field B associated to E. Here we ignore the contribution of the magnetic field, since its effect on chiral photoionization is negligible compared to the electric dipole component associated with PECD. C(t) is further shown in Figure 2 (c) as a function of the two-color delay. The magnitude of the instantaneous chirality is superimposed on the twoand three-dimensional representations of the field shapes in Figure 2 (a). The instantaneous chirality shows a more complex behavior as a function of the relative phase ϕ than the instantaneous ellipticity. When ϕ = π/2, both quantities evolve similarly within the cycle: (t) and C(t) are both maximum on top of the 8-shape, where the amplitude of the fundamental field is the largest, and they both reach their minimum value at the bottom of the 8. On the other hand, when ϕ = π, the instantaneous chirality is maximal when the instantaneous ellipticity is close to zero. The color-coding of the shape of the electric field presented in Figure 2 (a) reveals the origin of the complex behavior of the instantaneous chirality: it maps the rotational velocity of the electric field [15] .
III. PHOTOELECTRON CIRCULAR DICHROISM
The ability to manipulate the sub-cycle vectorial properties of the field raises the following question : can we observe a chiroptical signal induced by the instantaneous chirality of the field while the net chirality of the light is zero over the optical period? In most cases, chiroptical processes are induced by bound electron dynamics, mainly driven by weak electric-quadrupole or magneticdipole interactions. Purely electric dipole chiroptical phenomena have recently been demonstrated, greatly improving the sensitivity of measurements [24, 28, 29] . For instance, when CPL is applied to photoionize chiral molecules, it provides an extremely sensitive probe of chirality via the PECD effect. This process, first predicted several decades ago [24] , was observed in the single photon [27, 30] , multiphoton [31, 32] and strong-field [33] ionization regimes.
PECD results from the scattering dynamics of the outgoing electrons in the chiral molecular potential, under the influence of the circularly polarized electric field. A common property shared by all PECD experiments up to now is the constant polarization state of the laser field -may it be circularly [27] or elliptically [34, 35] polarized: the PECD process is an accumulation over the few optical cycles during which the electron leaves the ionic core. Attosecond metrology opened a new path in both measurement and control of the photoionization dynamics in simple systems as rare gas atoms [36] [37] [38] or diatomics [39, 40] , allowing their probing on a subcycle level. Transferring basic attosecond metrology approaches to PECD measurements holds the potential of revealing the attosecond scale dynamical properties of chiral photoionization. A first step in that direction was recently investigated with the measurement of the photoionization delays of electrons emitted from chiral molecules: it was found that electrons ejected forward and backward could be delayed by a few tens of attoseconds [41] .
Here, we aim at detecting the sensitivity of chiral photoionization to instantaneous chirality ( Figure 1 ). Let us for instance consider the case where the field describes an 8 shape (ϕ = π/2). Since the net chirality of the ionizing light is zero, we should not expect any overall forward-backward asymmetry in the photoelectron angular distribution -the PECD should be zero. However the electric field that we engineer has an instantaneous chirality, whose effect can be resolved by detecting the electrons ejected up and down in the photoionization process: in each of the upper and lower hemispheres of the VMI detector, a forward-backward asymmetry could emerge in the photoelectron angular distribution, with respect to the laser axis propagation, but the asymmetries in the upper and lower hemispheres should be opposite. In other words, the chiral-sensitive signal should be up/down and forward/backward antisymmetric. A recent theoretical investigation of chiral photoionization by a superposition of orthogonally polarized fundamental and second harmonic pulses predicted the existence of such asymmetries, as the result of quantum interference between photoionization pathways in a coherent-control scheme [23] . These calculations also predicted that the asymmetry vanishes, for the investigated system in the perturbative regime, when the relative phase between the two components is ϕ = 0 (C-shaped field). In the present work, we focus on the extremely non-linear (high-order) multiphoton and strong field ionization regimes.
IV. TOY-MODEL QUANTUM CALCULATIONS
First we perform quantum calculations by solving the time-dependent Schrödinger equation (TDSE) describing the interaction of a bichromatic field with a toy model chiral molecule. Our system consists of an electron evolving in the combined Coulomb fields of four nuclei with charges Z 1 = −1.9 and Z 2−4 = 0.9 a.u., respectively located at R 1 = 0, R 1 =x, R 2 = 2ŷ and R 3 = 3ẑ. Atomic units are used throughout this section unless otherwise stated. The charges and internuclear distances have been chosen to obtain (i) an ionization potential I P = 8.98 eV close to that of fenchone and camphor, the two chiral molecules experimentally studied in this work, and (ii) a PECD around ∼ 2% when ionizing with circularly polarized light (C(t) = ±1).
We work within a spectral approach where the bound and continuum eigenstates φ Ei of the molecule are obtained by diagonalizing the field-free Hamiltonian
Zi |r−R i | , where r is the electronic coordinate vector. Details on the basis of primitive functions employed to diagonalize H 0 are given in the Methods section. We then solve the TDSE:
in the molecular frame by expanding the total wavefunction Ψ(R; r, t) onto the molecular eigenstates according to Ψ(R;
where the index 0 stands for the ground state. Inserting the eigenstate expansion into eq. (4) yields a system of coupled differential equations for the expansion coefficients a i (R; t) which is solved using standard numerical techniques (see Methods section). The orientation of the molecular frame with respect to the lab frame is described byR, expressed in terms of the Euler angles (α, β, γ). V (R, t) is the lasermolecule interaction potential :
in the length and velocity gauges, respectively. Both gauges lead to the same dynamical results if we employ a large underlying φ Ei basis. However, we find that similarly to [42] , the velocity gauge fastens the convergence of the calculations. The field E(t) potential vector A(t), defined in the lab frame, are passively rotated to the molecular one where the TDSE (4) is solved, using the Euler rotation matrix R(R) [43] . We consider a flat-shape 4-cycle fundamental pulse with λ = 800 nm with one ω-cycle ascending and descending ramps. These parameters are far from the experimental conditions described in the next section, where a 1030 nm pulse with 130 fs duration was used. Our objective here is to explore qualitatively the potential of sub-cycle shaped fields to produce enantiospecific antisymmetric signals in the photoionization of chiral molecules, in the high-order multiphoton and strong-field regimes, without trying to quantitatively reproduce the experiment. In that context a 800 nm field offers a good compromise between computation duration (which increases nonlinearly with λ) and the access to the tunnelionization regime (which scales as 1/λ 2 ).
At final time t f , we extract the ionized part of the total wavefunction in the molecular frame under the restriction
We show in the Methods section how we rotate this wavefunction into the lab frame and how we transform it to momentum space, yielding: Ψ ion lab (R; p, t f ) where p is the momentum vector of the electron. We obtain the momentum density of ionized electrons from the sample of Projections in the y-z plane of the symmetric part of the photoelectron spectrum, at I = 5 × 10 12 (a), 2 × 10 13 (g) and 5 × 10 13 W/cm 2 (m) . The Keldysh parameter for these calculations is γ = 3.9, γ = 1.9, γ = 1.2 respectively. (b-f),(h-l),(n-r) Corresponding projections of the ESCARGOT signal, defined as the antisymmetric part of the photoelectron distribution with respect to the propagation axis z and fundamental laser polarization axis y. The relative phase between the two components of the laser field are ϕ = 0, π/4, π/2, 3π/4 and π from left to right. The shape of the two-color field, colored according to the instantaneous chirality, is shown next to each calculation. randomly oriented molecules as
The integral is evaluated as a numerical quadrature over countable molecular orientations with Euler angular spacing ∆α = ∆β = ∆γ = π/4 (see Methods section for convergence). Finally, we integrate the total density ρ(p) over p x to mimic detection by a velocity map imaging (VMI) spectrometer with time-of-flight alongx, yielding
Our calculations explore the chirosensitive response for laser intensities ranging from the multiphoton to the strong field regimes. In these regimes, intermediate resonant states are not expected to play a major role, contrarily to the coherent control regime explored in [23] . To analyze the results, we decompose the photoelectron angular distributions
]/2 parts along the light propagation axis z [23] . However the calculations employ short pulses whose envelope shape leads to symmetry breaking of the field in the y-direction (carrier-envelop phase effects). This results in not perfectly symmetric ρ sym V M I and antisymmet-ric ρ anti V M I distributions. We therefore correct the consequences of the short pulse duration on electron distributions by defining:
The influence of the antisymmetrization procedure is shown in the Methods section. Importantly, ρ anti V M I is further normalized to the maximum of ρ sym V M I in order to quantify the asymmetry as a fraction of the maximum electron count. Figure 3 (a,g,m) shows ρ sym V M I (p y , p z ) for 800 nm-laser intensities I = 5 × 10 12 , 2 × 10 13 and 5 × 10 13 W/cm 2 and r = 0.3. We observe a clear transition from a lowintensity multiphoton ionization regime, in which only a few above-threshold ionization (ATI [44] ) peaks are present, to a strong-field ionization regime showing many ATI peaks and a sharpening of the photoelectron distribution around the laser polarization plane.
The chiral-sensitive part of the signal, to which we refer as ESCARGOT, is represented by ρ anti V M I (p y , p z ). Figure 3 (b-f,h-l,n-r) presents the ESCARGOT signal as a function of the two-color delay for the three laser intensities. A significant ESCARGOT signal shows up for all two-color delays and in all ionization regimes. In the multiphoton regime, the ESCARGOT signal is highly structured angularly, with distinct contributions of alternating signs. This is the signature of the large number of photons absorbed to ionize the molecule, which is known in multiphoton ionization induced by circularly polarized light [31, 33] . The asymmetry reaches ∼ 1.5%, which is weaker than the conventional PECD obtained using monochromatic circular light. As we increase the laser intensity, we enter the strong-field regime where the ES-CARGOT signal decreases down to ∼ 0.5%, and sharpens about the polarization plane, consistently with the behavior of the whole photoelectron distribution. Traces of ring structures inherent to ATI peaks are still noticeable in the symmetric part of the signal. These stuctures are more prominent in the ESCARGOT pictures where the asymmetry is found to alternate sign along the rings associated to low electron energies. The magnitude and angular dependence of ring asymmetries depends on the two-color phase, which points towards a strong interplay of field-induced ionization dynamics and underlying core chirality of the molecular target. The ES-CARGOT pattern is simpler in the high electron energy range where the ATI peaks present the same asymmetry, centred about the ω-2ω polarization plane.
Generally, one remarkable feature in our results is that we observe a significant ESCARGOT signal for all shapes of the electric field, even with the C-shaped field, in all ionization regimes investigated here. This could seem counter-intuitive, since the C-shaped field exhibits no preferable rotation direction in the upper and lower hemispheres [23] . Indeed, Demekhin et al. observed no asymmetry using a C-shaped field in a single vs two photon ionization scheme, in which the ionization can be considered as a temporally continuous process. By contrast, in our case the strong multiphoton character of the process leads to the temporal confinement of the ionization around the maxima of the laser field. The ionization has to be treated as a dynamical phenomenon. For instance in the strong-field limit, the electron dynamics will be driven by the temporal evolution of the vector potential [45] . While the C shaped field rotates in the same direction in the lower and upper hemispheres, its time derivative -the vector potential -describes an 8 shape with opposite rotations, imposing an up-down antisymmetry in the chiral part of the photoelectron distribution. Our results indicate that at laser intensities much below the strong field limit, the ionization dynamics remains sensitive to the temporal evolution of the electric field, since we observe ESCARGOT signals for all field shapes. The high sensitivity to the electric field evolution is further illustrated by the strong difference between the ESCAR-GOT signals obtained with very similar shapes of the electric field, at ϕ = π/4 and ϕ = 3π/4.
V. EXPERIMENTAL RESULTS
In the following step we perform an experimental study of the ESCARGOT signal in (+)-Fenchone and (+)-Camphor molecules. The experiment was conducted using the Blast Beat laser system at CELIA (dual Tangerine Short Pulse, Amplitude Systems). We used a 50 W beam of 130 fs pulses at 1030 nm (ω), at a repetition rate of 750 kHz. The beam was split into two arms, balanced by a polarizing beamsplitter associated with a half waveplate. One beam was frequency doubled in a 1 mm type-I beta barium borate (BBO) crystal to obtain a 515 nm beam at 2 W (2ω), while the second arm remained at the fundamental frequency. The polarization state of the 515 nm arm was rotated by 90 • using a half wave plate. The two arms were recombined by a dichroic mirror, and the relative intensities were adjusted to keep an intensity ratio of I2ω /Iω = 0.1, in order to maintain a field ratio of r = 0.3. The relative delay was controlled by a pair of fused silica wedges placed in the 1030 nm arm. The recombined beams were sent through a 1 mm thick calcite plate to ensure that their polarization were perfectly crossed. Finally, a 30 cm lens focused them into the interaction chamber of a VMI spectrometer. To compensate for the chromatic aberration of the lens, a telescope was placed in the 1030 nm arm of the interferometer, and was used to spatially overlap the focii of the ω and 2ω beams. The VMI projected the photoelectron angular distribution onto a set of microchannel plates parallel to the plane defined by the 1030 nm polarization y and the laser propagation direction z. The MCPs were imaged by a phosphor screen and a SCMOS camera. Figure 4 (a,g,m) shows the total photoelectron signal, measured by the VMI, at two different intensities of the fundamental laser field, with r kept at ∼ 0.3. As in the calculations, we observe a clear transition from a multiphoton ionization regime, having only few ATI peaks, to a strong-field ionization regime showing many ATI peaks and a narrow momentum distribution. As in the theoretical analysis, we extract the ESCARGOT signal by isolating the antisymmetric part of the signal with respect to y, z (see Methods section). Controlling the two-color delay leads to a periodic modulation of the antisymmetric signal at twice the fundamental frequency. For each measurement, the delay was scanned over a range of 270 fs, corresponding to a ∼ 980 rad scan in the relative phase between the two fields. We Fourier transform the antisymmetric signal at each pixel on the detector, with respect to the two-color phase, and extract the 2ω component, isolating the response of the ESCARGOT signal to every phase two-color phase. Panels (b-f),(h-l),(n-r) show the extracted 2ω component of the ESCARGOT for (+)-Fenchone (b-f),(h-l) and for (+)-Camphor (n-r).
Our measurements reveals that, as predicted by the calculations, a significant ESCARGOT signal exists for all relative phases ϕ between the two components of the electric field, and in all ionization regimes. In particular, we confirm that C-shaped electric field can produce sig- Evolution of the ESCARGOT signal as a function of the relative phase ϕ between the two components of the ionizing field (ϕ = 0, π/4, π/2, 3π/4 and π from left to right). The shape of the two-color field, colored according to the instantaneous chirality, is shown next to each image. The ESCARGOT signal is normalized to the maximum of the photoelectron spectrum in (a,g,m). The data is presented after up-down antisymmetrization (see methods). nificant forward/backward up/down asymmetries in chiral photoionization. Taking a closer look at the (+)-Fenchone measurement, performed in the multiphoton regime, (Figure 4 (b-f)), one can observe sharp features in the low momentum range -up to about 0.2 a.u., and a smooth and relatively uniform signal at higher energies. In the low momentum region, the ESCARGOT signal maximizes to ∼ 0.5 ± 0.1% when ϕ = 0 ("Cshaped field"), and is minimum when ϕ = π/2 ("8shaped" field). We estimate the error bars by analyzing a 270 fs delay scan as 10 subscans of 27 fs, and calculating the 95% confidence interval by statistical analysis of the results. The situation is different in the higher momentum region, where the ESCARGOT is very low with the "C-shaped" field. As we go into the strongfield regime (h-l), the low momentum angular structures vanish so that the ESCARGOT signal seems more uniform. It also reaches lower values, maximizing in the 0.10 ± 0.03% range. This decrease is due to a lower influence of the chiral potential in the photoionization process as the laser field becomes stronger, as already observed in PECD experiments [33] . We also observe a noticeable difference between the asymetries recorded at φ = π/4 and 3π/4 as expected from the calculation. In order to check the enantiosensitive nature of these results, we repeated the measurements in racemic Fenchone (see Methods section). At low laser intensity, the ESCARGOT signal completely vanishes, which confirms the enantiosensitivity of the measurement. At high intensity, some non-zero components are present in the ESCARGOT signal, indicating the existence of artifacts in the experiment. However comparing the racemic and enantiopure ESCARGOT signals shows that the latter is dominated by the chiral-sensitive response.
The experimental results from fenchone are in remarkable qualitative agreement with the TDSE simulations presented above, which may seem surprising given the simplicity of the molecular model compared to fenchone and the difference in wavelength and pulse duration of the ionizing radiation. Repeating the measurements in another molecule (camphor, an isomer of fenchone) reveals that the agreement was coincidental. The characteristic sharp angular structures in the low momentum part of the ESCARGOT signal are not present in camphor (Figure 4 (m-r) ), and the overall asymmetry does not maximize for a C-shaped field, but in an intermediate configuration. This demonstrates that the ESCARGOT signal strongly depends not only on the laser intensity and two-color delay but also on the molecule under study. This sensitivity to both the molecular potential and the structure of the laser field reflect the physical origin of the ESCARGOT process -the electron scattering driven by the chiral field in the chiral potential. It is thus important to investigate the timescale of these dynamics by analyzing electron trajectories.
VI. SEMI-CLASSICAL INTERPRETATION IN THE STRONG FIELD REGIME
In order to have an intuitive picture of the photoionization dynamics underlying the ESCARGOT signal, we focus on the strong-field regime. The strong-field interaction defines a set of electron trajectories, providing a direct mapping between the ionization time and final momentum [8, 46] . The forward-backward asymmetry in the photoionization of chiral molecules is imprinted during the electron scattering into the molecular potential. To estimate the influence of the instantaneous chirality on the photoionization process, it is thus necessary to evaluate the time spent by the electron in the vicinity of the molecular potential. We performed classical trajectory calculations within the strong-field approximation. The electrons are launched into the continuum with zero velocity and accelerated by the two-color laser field. The influence of the ionic core is neglected, such that these calculations do not include any molecular chirality and are thus very qualitative. Indeed, since our study focuses on the strong field regime, the electron trajectories in the (x,y) plane are dominated by the laser field, the effect of the molecular potential in this plane being a small correction. On the other hand, the molecular potential is the only force at play along the laser propagation direction (z), and gives rise to the chiral signal. Figure 5(a) shows the kinetic energy acquired by ionized electrons as a function of their ionization time. Electrons born close to the maxima of the electric field end up with low energy, while electrons born close to the zeros of the field end up with higher energy. Figure 5(b-c) depicts a few typical electron trajectories, for two shapes of the electric field. The trajectories are very similar because they are driven by the strong fundamental component of the electric field. However the instantaneous chirality experienced by the electrons, represented as the colormap of the trajectory lines, strongly changes with the field shape. When the field has an 8 shape (ϕ = π/2, Figure 5 (b)), the electron 1, born at t = 0.2T 0 (with T 0 = 3.44 fs, the periodicity of the 1030 nm field), experiences an almost zero optical chirality during a very short time, followed by a negative optical chirality from 0.25T 0 to 0.65T 0 . We roughly estimate that the influence of the chiral potential is restricted to a distance of ∼ 1 nm from the core. In this area the electron 1 has thus mainly experienced a negative optical chirality. Electron 2, born at t = 0.3T 0 , sees a negative chirality during all its travel in the first nanometer. It ends up on the same side of the detector (y < 0) and with the same kinetic energy as electron 1. Thus, while these two electrons have not exactly experienced the same optical chirality and ionization dynamics in the two-color field, they have seen electric fields with the same helicity and their forward/backward asymmetries should add up. Electrons 4 and 5, born half a cycle later, have a symmetric behavior: they end up on the upper part of the detector, and mainly experience a positive optical chirality. The situation is less clear for electron 3, which is a low energy electron: it travels back and forth around the core, experiencing opposite optical chiralities.
This analysis can be repeated in the case of a C-shaped field ( Figure 5(c) ). Even if the C-shaped field rotates in the same direction in the upper and lower hemispheres, the instantaneous chiralities experienced by photoelectrons ending up in the upper and lower part of the detector are opposite. This simple analysis predicts that the accumulated optical chirality should be lower than with the 8-shaped field because it changes sign while the electrons are still in the vicinity of the ionic core.
Neufeld and Cohen have introduced the concept of non-instantaneous chiroptical effects on a given timescale [15] . We follow this approach to calculate the optical chirality accumulated over the timescale the electron takes to leave the chiral ionic core, by integrating the instantaneous chirality. In order to mimic the spatial extent of the chiral potential, time integration is further weighted by a gaussian profile centered on the origin with a 1 nm FWHM. Figure 5(d) shows the integrated chirality as a function of the electron kinetic energy and the relative phase ϕ. The results show that the chiralities experienced by upper and lower electrons are always opposite. The shape of the laser field that maximizes or minimizes the accumulated chirality depends on the kinetic energy of the electrons, explaining qualitatively why the ESCAR-GOT signal does not maximize at the same ϕ for all electron energies. This model is however far too simple to quantify the ESCARGOT signal, which results from the scattering of the electrons in the chiral potential. What this analysis demonstrates is that shaping the vectorial electric field enables controlling the sub-cycle optical chirality experienced by the electrons, and that electrons detected in the upper and lower hemispheres see opposite optical chiralities for all shapes of the electric field.
VII. CONCLUSIONS AND OUTLOOK
The joint theoretical and experimental study presented here has enabled us to demonstrate that the instantaneous chirality of light could play a major role in chiral light-matter interaction: even fields with zero net chirality can induce sub-cycle chiroptical effects, which can be detected using appropriate differential detection schemes. The high sensitivity of the photoelectron angular distributions from chiral molecules to the instantaneous chirality of the ionizing light is the signature of the ultrafast nature of the photoionization process. Recording the full 3D photoelectron momentum distribution, using direct delay lines detectors or a tomographic reconstruction, will resolve the sub-cycle temporal evolution of chiral photoionization.
The ESCARGOT technique is complementary to the other attosecond-resolved chiroptical methods that have emerged in the past few years. Chiral-sensitive highorder harmonic generation [47] probes the hole dynamics induced by a strong laser field with a resolution of a few tens of attoseconds. It is thus sensitive to attosecond ionic dynamics. Phase-resolved PECD [41] probes the difference between the photoionization delays of electrons ejected forward and backward with respect to the laser propagation axis, revealing the influence of the chiral molecular potential on the scattering dynamics of the outgoing electrons. ESCARGOT probes influence of the optical chirality on these scattering dynamics, and is thus complementary to phase-resolved PECD.
Sub-cycle shaped electric fields have led to many important achievements in attosecond spectroscopy [48] [49] [50] . However photoionization imaging experiments become extremely complicated as the molecules get larger, in particular because of orientation averaging effects. Chiral targets do not suffer from this -chiroptical signals survive orientation averaging. We thus envisage that ES-CARGOT will be a very powerful probe for photoionization imaging. In particular the detection of high energy rescattering electrons and their interference with direct electrons will enable unique holographic imaging of complex chiral molecules. The two-color scheme used here is only an example of sub-cycle polarization shaping. More sophisticated configurations, mixing linearly and elliptically polarized fields of different colors, could be used to increase the number of control knobs on the optical chirality gating.
METHODS

A. TDSE calculations on toy model chiral system
Details on the theoretical framework
The bound and continuum eigenstates φ Ei of the toy model molecule described in the main text are obtained by diagonalizing the field-free Hamiltonian H 0 in a basis of functions j l (k l r)Y sin,cos lm (Ω r ) with 0 ≤ l ≤ l max and −l ≤ m ≤ l. Y sin,cos are (sine and cosine) real spherical harmonics, and j l (k l r) are spherical Bessel functions. In practice, we confine the electron motion within an hermetic spherical box of radius r max so that we only include in our basis the j l (k l r) functions with k l such that j l (k l r max ) = 0. Electron momenta k l are further restricted from 0 to k max . Such a procedure has led to a reliable representation of both bound and continuum states, and associated excitation and ionization processes, in atoms [51] and diatomics [52] . Here we mainly use r max = 200 a.u., l max = 10 and k max = 7 a.u. but convergence checks with respect to the values of r max and l max are presented below. We illustrate in Figure 6 the molecular skeleton of the toy model system as well as the shape of the fundamental bound state with ionization potential I P = 8.98 eV.
Once the eigenstates are obtained, we solve the TDSE by inserting the spectral decomposition Ψ(R; r, t) = i a i (R; t)φ Ei (r) exp(−iE i t) into eq. (4), yielding the system of coupled differential equations for the expansion coefficients a i (R; t):
in velocity gauge, R(R)[A(t)] being the potential vector passively rotated to the molecular frame. This system is numerically solved for each molecular orientationR, subject to the initial conditions a i (R; 0) = δ i0 using the Cash-Karp (adaptative Runge-Kutta) technique [53] after straightforward computation of the dipole couplings < φ Ei |∇|φ Ej >.
The ionizing part of the total wavefunction is defined by eq. (5) in the molecular frame. It can be alternatively written as
D il m j being the diagonalization coefficients such that φ Ei (r) = l ,m ,j D il m j j l (k l j r)Y sin,cos l m
(Ω r ). The ionizing part of the total wavefunction can then be expressed in the lab frame according to
or equivalently, in momentum space
wherej lj (p) is the radial part of the momentum wavefunction associated to the confined j l (k lj r)Y sin,cos lm (Ω r ) primitive function [54] .
Note that the whole spectral TDSE scheme is the counterpart of the grid-TDSE approach presented e.g. in [23, 55] . Further technical details about our multi-center spectral TDSE approach as well as its capabilities and limitations will be presented elsewhere.
Influence of short pulse duration
The limited number of optical cycles of the laser pulses used in the calculations can lead to artifacts, related to carrier-envelop phase effects. In (y, z)-projections of the electron momentum distributions, these artifacts appear as asymmetries along the polarization direction y of the composite laser field. In the theretical data presented in the paper we have therefore chosen to force both the symmetry of ρ sym V M I (p y , p z ) and antisymmetry of ρ anti V M I (p y , p z ) along p y . The impact of p y -antisymmetrization of ρ anti V M I is presented in Fig. 7 , which compares the projections without (top) and with (bottom) the procedure, for three carrier-envelop phases of the laser. The calculations were performed using a 3π/4 two-color phase, where the effect of the carrier-envelop phase was found to be maximum. The figure shows that while carrier-envelop phase effects impact the raw ESCARGOT distributions, the up/down antisymmetrized distributions are independent of it.
Convergence checks
It is stated in the main text that averaging over molecular orientations is performed in eq. (6) using numerical quadratures on countable orientations with Euler angle spacing ∆α = ∆β = ∆γ = π/4. We illustrate in Figure 8 how increasing the number of orientations according to ∆α = ∆β = ∆γ = π/5 left the symmetric and normalized antisymmetric (ESCARGOT) electron momentum distributions almost unchanged, for fundamental laser intensity I=5×10 12 W/cm 2 and two-color delay ϕ = 0.
The other parameters of our numerical approach are r max , k max and l max . r max controls the extension of the configuration space within which the electron dynamics can be fairly described. Too small r max value can lead to reflections of electron flux on the walls of the confinement spherical box and therefore results in blurred photoelectron momentum pictures. To minimize such effect, we have considered rather short pulses (4 cycles of the fundamental 800 nm laser with 1 cycle ascending and descending ramps). Using r max =200 a.u., we have indeed observed incoming waves resulting from reflection in our photoelectron momentum pictures, but they only alter the highenergy tail of the distributions, which are not of interest in the present work. In Figure 3 of the main text, small reflection patterns appear for the highest laser intensity considered (I=5×10 13 W/cm 2 ) and for electron momentum p greater than 0.6 a.u.
k max is the highest electron wavevector included in our basis of primitive Bessel functions. Diagonalization of H 0 therefore yields molecular eigenstates whose energy extents up to k 2 max /2 (in a.u.). With k max = 7 a.u., extremely high-lying continuum states are then obtained. They are obviously not of interest in the present investigation. However, large values of k max are necessary to obtain an accurate representation of the lowest lying eigenstates in terms of (oscillating) Bessel functions. We accordingly increased k max up to the large value of 7 a.u. such that these lowest lying eigenstates, and especially the fundamental state, are fully converged in terms of eigenenergies and eigenfunctions. Subsequently to H 0 diagonalization, we only introduce in the dynamical calculations the eigenstates whose energy is lower than 2 a.u.
l max refers to both (i) the highest kinetic momentum available for single-center multipolar decomposition of any molecular (multi-centre) state and (ii) to the highest kinetic momenta the electron can gain through ionization. Multipolar decompositions of bound states converge quite rapidly so that (ii) is much more restrictive than (i), especially in the extremely non-linear multiphoton or strong-field regimes (see e.g. [42] ). As stated in the main text, we have mainly employed l max = 10. Focusing on the strong-field regime, where convergence with respect to increasing values of l max is the harder to reach, we show in Figure 9 that increasing l max from 10 to 14 does not lead to significant changes in our photoelectron symmetric and antisymmetric momentum distributions.
B. Experimental data analysis
The chiral response in the photoionization appears as a forward/backward asymmetry in the photoelectron spectra. This asymmetric part is quite small (typically be- low 1%) and its detection can be challenging, because photoelectron angular distributions are never perfectly forward/backward symmetric even when using achiral targets, due to small spatial imperfection on the VMI detector. In PECD experiments this issue is typically circumvented by performing differential measurements, subtracting the spectra obtained using left and right circularly polarized radiation. This is not possible in the present scheme, because of the complex temporal structure of the electric field. To solve this problem we scan the relative phase between the ω − 2ω components of the electric field, and extract the ESCARGOT signal by Fourier analysis.
As we scan the two-color delay, the photoelectron images shows oscillatory components. First, changes the field shape slightly modifies the ionization probability. The total yield is expected to maximize when the field amplitude is maximum, namely at ϕ = 0, π..., and thus to oscillate at 4ω frequency when scanning the delay. This appears clearly in Figure 10 (a,b) which show the temporal evolution of the total yield for a typical (+)-Fenchone scan, and its Fourier transform. The phase of the 4ω oscillating peak provides a calibration of the two-color phase, up to a π ambiguity. This means we have access to the shape of the electric field but not its direction of rotation.
By Fourier analyzing each pixel of the detector rather than the total yield, a slower modulation appears, at 2ω frequency. Figure 10(d) shows for instance the oscillating spectrum of one quarter of the detector (upper-forward). The 2ω component is sensitive to the direction of rotation of the electric field, and is thus the chiral-sensitive signal. We forward/backward antisymmetrize the raw photoelectron images, Fourier transform them, and filter the 2ω oscillating component in the frequency domain. The time evolution of the 2ω antisymetric contribution is reconstructed from the amplitude and phase extracted with the Fourier analysis. The result of this procedure in the low-intensity ionization of fenchone is shown in Figure 11 . The ESCARGOT signal shows quite good up/down antisymmetry, confirming that electrons ending in the upper and lower part of the detector have mostly experienced opposite optical chiralities, as seen in Figure 11 . Residual up/down asymmetries exist, resulting from the imperfect nature of the detection. We thus antisymmetrize the ESCARGOT signals to eliminate these artifiacts.
C. Comparison between (+)-Fenchone and a racemic mixture
In order to validate that the ESCARGOT signal originates from the chiral properties of the molecular system, we performed a measurement in a racemic mixture of (+)-Fenchone and (-)-Fenchone. The mixture used was home made, mixing 55% of a (-)-Fenchone sample with 82% purity, and 45% (+)-Fenchone sample with 100% purity, giving a mixture with zero enantiomeric excess. Figure 12 shows a comparison between the ESCARGOT signals from (+)-Fenchone and the racemic mixture. At low intensity, the ESCARGOT signal almost completely vanishes in the racemic mixture. At higher laser intensity, some sharp non-zero features remain visible in the racemic mixture. This demonstrates that there are some residual artifacts in the experiment. This could be due for instance to imaging issues in the VMI detection because of the increase size of the photoelectron source at high intensity. However, most features observed in the enantiopure fenchone do disappear in the racemic mixture, and can thus safely be interpreted as a chiral signal. 
